In rough-skinned newts, Taricha granulosa, exposure to an acute stressor results in the rapid release of corticosterone (CORT), which suppresses the ability of vasotocin (VT) to enhance clasping behavior. CORT also suppresses VT-induced spontaneous activity and sensory responsiveness of clasp-controlling neurons in the rostromedial reticular formation (Rf). The cellular mechanisms underlying this interaction remain unclear. We hypothesized that CORT blocks VT-enhanced clasping by interfering with V1a receptor availability and/or VT-induced endocytosis. We administered a physiologically active fluorescent VT conjugated to Oregon Green (VT-OG) to the fourth ventricle 9 min after an intraperitoneal injection of CORT (0, 10, 40 μg/0.1 mL amphibian Ringers). The brains were collected 30 min post-VT-OG, fixed, and imaged with confocal microscopy. CORT diminished the number of endocytosed vesicles, percent area containing VT-OG, sum intensity of VT-OG, and the amount of VT-V1a within each vesicle; indicating that CORT was interfering with V1a receptor availability and VT-V1a receptormediated endocytosis. CORT actions were brain location-specific and season-dependent in a manner that is consistent with the natural and context-dependent expression of clasping behavior. Furthermore, the sensitivity of the Rf to CORT was much higher in animals during the breeding season, arguing for ethologically appropriate seasonal variation in CORT's ability to prevent VT-induced endocytosis. Our data are consistent with the time course and interaction effects of CORT and VT on clasping behavior and neurophysiology. CORT interference with VTinduced endocytosis may be a common mechanism employed by hormones across taxa for mediating rapid context-and season-specific behavioral responses.
Introduction
The survival of an animal depends on its ability to coordinate multiple physiological and behavioral responses to any given situation. Therefore, an animal must be able to quickly change its behavior to respond to acute stressors in an adaptive manner that is situation or context appropriate. Different situations or contexts change the activity and output of neurons and neural networks underlying behavior and are said to be statedependent (Destexhe and Marder, 2004; Koch et al., 2011; Nadim et al., 2008) . Most of the research in this area has focused on mechanisms occurring at the millisecond to second timescale and involve ligand-gated or voltage-gated ion channels (Crosby et al., 2011; Destexhe and Marder, 2004; Huganir and Nicoll, 2013; Marder and Prinz, 2003; Younger et al., 2013) , or on longer time frames such as seasonal or reproductive state (Feng and Bass, 2014; Pradhan et al., 2014; Quispe et al., 2014) . However, we now understand that stress steroid hormones function to drive behavioral switches 2-30 min after exposure to acute stressors (Breuner et al., 1998; Kavaliers and Ossenkopp, 2001; Moore and Miller, 1984; Orchinik et al., 1991) . We argue that additional mechanisms drive state-dependent neural function and context-appropriate behavioral responses, occurring within minutes of an acute stressor. Therefore, we investigated novel cellular mechanisms underlying stress-induced suppression of amplectic clasping, a stereotypical courtship behavior of male rough-skinned newts, Taricha granulosa.
The neuroendocrine pathway triggered in response to an acute stressor and the subsequent neural regulation of behavior is well described in vertebrates. Acute stress immediately stimulates secretion of corticotropin-releasing hormone from hypothalamic neurons, which then stimulate the release of adrenocorticotropin hormone Hormones and Behavior 69 (2015) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] (ACTH) from the anterior pituitary. In turn, ACTH induces the secretion of the stress steroid corticosterone (CORT) from the adrenals (interrenal glands in amphibians) into general circulation (Groeneweg et al., 2011) . In Taricha, acute stress-induced elevation in CORT rapidly suppresses clasping behavior within minutes (Moore and Miller, 1984; Orchinik et al., 1991) . In this rapid time frame, CORT functions to modulate behaviors in a highly specific and context-appropriate manner, by temporarily suppressing the coordination and strength of clasp by the hind limbs (Fig. 1) . Suppression of clasping behavior in the presence of a threat/acute stressor keeps the newt from rendering itself vulnerable in stressful and potentially dangerous situations.
In contrast, the peptide hormone vasotocin (VT), the non-mammalian homologue of vasopressin (VP), enhances reproductive behaviors in a variety of vertebrate species, including amphibians (Boyd, 1994; Boyd, 2012; Diakow, 1978) , birds (Adkins-Regan, 2009; Goodson et al., 2012; Kihlström and Danninge, 1972) , rodents (Albers and Rawls, 1989; Huhman and Albers, 1993; Södersten et al., 1983) , and teleosts (Godwin, 2010; Godwin and Thompson, 2012; Pickford and Strecker, 1977) . VT and VP are released from specific neurons throughout the brain (locations differ across species), and mediate courtship behaviors (Nair and Young, 2006) . VT and VP act through V1a receptors to affect subsequent behaviors, and the location of V1a receptors within functionally distinct brain regions dictates the behavioral impact of the hormones (Nair and Young, 2006) . Like CORT, VT influences clasping behavior by acting on clasp-controlling neurons in the Rf of Taricha (Fig. 1) ; (Rose et al., 1995; Rose et al., 1998) . In contrast to CORT, VT increases Rf neuron spontaneous activity and sensory responsiveness to clasp-triggering stimuli (Rose et al., 1995; Rose and Moore, 2002) .
The clasp-enhancing effects of VT are not observed when acute stress or CORT are introduced to the animal prior to elevated VT (Coddington and Moore, 2003; Rose et al., 1995) . The cellular mechanisms by which CORT suppresses the effects of VT are currently unknown. We hypothesize that CORT may be interfering with the availability of V1a receptors and/or VT endocytosis. It is wellestablished that VP binding to its V1a receptors on the cell surface triggers receptor-mediated endocytosis (Fukunaga et al., 2006 ); a step-wise process that requires cellular machinery to coordinate receptor-ligand clustering, invagination of the plasma membrane, and pinching to result in endocytosed ligand-receptor pairs contained within vesicles (Wieffer et al., 2009) . During the invagination step, multiple ligand-receptor complexes are guided to the same site and internalized in small clusters into vesicles. While there have not been parallel studies investigating VT-V1a receptor-mediated studies, we have assumed that V1a receptors behave similarly across vertebrate species, and prior studies have observed VT-containing vesicle formation in Taricha hindbrain neurons using VT conjugated to the fluorophore Oregon Green 488 (VT-OG); (Lewis et al., 2005; Lewis et al., 2004) . In the present study, we used the same conjugated VT-OG to assess our hypotheses. We predicted that if CORT interferes with the machinery coordinating VT-V1a receptor-mediated endocytosis or V1a receptor availability, then CORT would diminish the number of endocytosed vesicles, percent area containing VT-OG, sum intensity of VT-OG, and the amount of VT-OG within each vesicle (intensity per vesicle).
There are also clear seasonal differences in behavior and neuroendocrine milieu in most wild vertebrates, including newts. During the breeding season, regulation of the expression of courtship behaviors is paramount. While these courtship behaviors are essential for species propagation they also render animals more conspicuous to threats (Andersson, 1994; Deutsch, 1997; Endler, 1980; MØller and Nielsen, 1997; Simon, 2007; Zuk and Kolluru, 1998) . Therefore, the expression of courtship behaviors must be context appropriate, and CORT is responsible for providing context to the brain about the stressed state of the animal. We predicted that clasp-controlling neurons would be most sensitive to CORT during the breeding season.
The rostromedial reticular formation (Rf) is the critical location in which to examine the CORT-VT relationship. Neurons in the Rf are responsible for controlling clasp behaviors of all amphibians that exhibit clasping: controlling the onset, duration, strength, and offset of clasping (Aronson and Noble, 1945; Hutchison and Poynton, 1963; Naujoks-Manteuffel and Manteuffel, 1988; Smith, 1938) . Moreover, in Taricha, Rf neurons fire concurrently with clasping and clasptriggering cloacal pressure (Rose et al., 1995; Rose et al., 1993) . The same population of Rf neurons responds to CORT and VT in a manner consistent with their control of clasping behavior; VT enhances (Rose et al., 1995) and CORT suppresses (Rose et al., 1998; Rose and Moore, 2002) spontaneous activity and sensory responsiveness of Rf neurons. Pharmacological manipulation, such as the V1a antagonist manning compound, confirms that VT is influencing Rf neural function via V1a receptors (Lewis et al., 2005a) .
The inferior reticular formation (Ri) provides an appropriate control region of the brain because the Ri is located in the caudal aspect of the hindbrain reticular formation, but is involved in a distinctly different behavior pathway: the generation of patterned vocalizations in Fig. 1 . Working hypothesis: the neural pathway and neuroendocrine regulation of clasping behavior. Sensory input from the cloaca triggers hind limb flexion necessary for amplectic clasping behavior. The hindbrain, in particular the rostromedial reticular formation (Rf) controls the onset, offset, strength and duration of the clasp in a stimulus bound fashion whereas the spinal cord controls the occurrence of a clasp without precise temporal regulation (Lewis and Rose, 2003) . VT and CORT influence the expression of clasping behavior by their action on Rf integration; CORT suppresses behavior and neural activity and VT has the opposite effect. We hypothesize that CORT suppresses clasping behavior and underlying neural activity by interfering with the signaling required for VT to affect neural integration. A black bar is used to indicate a negative/inhibitory effect, while an open circle represents a positive/enhancing effect. The two grey oval shapes in the hindbrain mark the reticular formation region that regulates clasping. Other abbreviations: CPG = central pattern generator.
vertebrates (Bass et al., 2008; Knapp et al., 1999; Wetzel et al., 1985) . Comparative studies have established that the Ri is part of a distributed circuit common to all vertebrates that controls vocalizations (Bass et al., 2008; Brahic and Kelley, 2003; Fine and Mosca, 1995; Goodson and Bass, 2002; Knapp et al., 1999) . It has also been well established that VT modulates different characteristics of vocalizations in teleosts (Goodson and Bass, 2000) , birds (Goodson et al., 2005; Jurkevich et al., 1996) , and amphibians (Wilczynski et al., 2005) , including regulation of motor components that the Ri is expected to be involved in such as onset, offset, and patterning of calls. Furthermore, V1a receptors have been located to the medullary reticular formation of a closely related anuran (Hasunuma et al., 2010) , and prior studies in Taricha have established that VT-OG is internalized into cells in the Ri (Lewis et al., 2005) . Pertinent to this study, male Taricha do not use vocalizations as part of their courtship behaviors (Propper, 1991) . Therefore, the Ri is a target for VT but has a distinctly different behavioral function compared with the Rf; providing an ideal control region for this study.
Therefore, we examined the hypothesis that CORT interferes with VT-induced enhancement of clasping behavior by interfering with the availability of V1a receptors and/or VT-induced endocytosis. We predicted that different measurable aspects of the receptor-mediated endocytosis process can parse these two mechanisms, and did not have any a priori expectation as to whether one or both mechanisms might be at play. We did predict that if this process was consistent with behavioral observations, then we expected to observe changes in VT-induced endocytosis occurring specifically in the clasp-controlling hindbrain region (Rf) and not in a behaviorally distinct hindbrain region (Ri). Furthermore, we hypothesized that if this process was ethologically adaptive, then we would observe higher sensitivity to CORT in the Rf during the breeding season.
Methods

Animal collection and care
Adult male newts (T. granulosa) were collected during the active breeding season (February-May, 2012 ) and non-breeding season (July-August, 2011) from permanent ponds in Benton Co., Oregon. Newts were housed in 50-gallon community tanks in dechlorinated conditioned water (API Tap Water Conditioner, AmQuel Plus Ammonia Detoxifier) maintained under natural conditions (natural L:D cycle and 16-18°C), and fed chopped earthworms every other day (Coddington et al., 2007) . All procedures were approved by the Institutional Animal Care and Use Committee at Willamette University and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Hormones and treatment groups
Amphibian Ringers (pH 7.3-7.45) were composed of: 7.305 g/L NaCl, 0.224 g/L KCl, 1.801 g/L glucose, 1.190 g/L HEPES, 0.264 g/L CaCl 2 , 0.152 g/L MgCl 2 . corticosterone (CORT) (Sigma, St. Louis, MO) was solubilized in 2% DMSO, 8% ethanol, and 90% Amphibian Ringers to create high concentration CORT treatment (40 μg/0.1 mL). The mid-CORT (22 ng/0.1 mL) and low CORT (11 ng/0.1 ml) doses were created by diluting high CORT treatment solution with vehicle (2% DMSO, 8% Ethanol, 98% amphibian Ringer's). CORT was administered during experiments by intraperitoneal (i.p.) injection. VT-OG was dissolved in amphibian Ringer's to make a VT-OG solution of 40 ng/μl. VT-OG is a synthetic vasotocin hormone conjugated to the Oregon green fluorophore, which can be visualized in fixed hindbrain tissue using confocal microscopy. Previous research has confirmed that VT-OG is physiologically identical to unlabeled VT and is rapidly internalized into punctate vesicles; maximal numbers of vesicles are observed at 30 min post-VT-OG administration (Lewis et al., 2004) .
VT-OG solutions were topically applied to the fourth ventricle with a microsyringe delivery system (Hamilton 10 μL syringe; Reno, NV).
Surgical preparation for VT-OG conjugate delivery
The rostral hindbrain was surgically exposed to allow for direct application of VT-OG to the clasp-controlling neurons that lie on the floor of the fourth ventricle in the Rf of the hindbrain (Fig. 1 ). Newts were anesthetized prior to and during surgery by immersion in 0.2% MS-222 (tricaine methanesulfonate; Sigma, St. Louis, MO) dissolved in buffered conditioned water (pH 7.0-7.2). Immediately following surgery, newts were immobilized with an i.p. injection of a myoneural blocking agent (0.2 mL of 2% gallamine triethiodide; Sigma, St. Louis, MO) and were moved from MS-222 to conditioned water for approximately two hours until complete recovery from anesthesia was achieved. To maintain immobilization, 0.1 mL i.p. injections of gallamine were administered 1 and 2 h after recovery. Recovery from anesthesia is necessary for neuronal functioning and consequently the neural actions of VT-OG (Lewis et al., 2005) . This surgical preparation and immobilization procedure is not distressing to newts (Rose et al., 1995; Rose et al., 1993) .
Hormone delivery and experimental design
After full recovery from anesthetic, the experiment commenced. Newts were situated with their tail raised, allowing tactile cloacal stimulation designed to simulate the sensory experience during amplectic clasping (Rose et al., 1995) . At time zero, newts received a 0.1 mL i.p. injection of CORT in one of four concentrations: high (40 μg/0.1 mL), medium (22 μg/0.1 mL), low (11 μg/0.1 mL), or vehicle control (0 μg/0.1 mL). Nine minutes after CORT treatment, 0.2 μL of VT-OG (40 ng/μL) was applied directly to the fourth ventricle. Immediately after administration of VT-OG, cloacal stimulation was applied every three minutes for the remaining duration of the experiment. Cloacal stimulation was achieved by applying pressure to the cloaca with a flexible stylus. For each trial, cloacal stimulation was delivered three times for three seconds at three-minute intervals. Thirty min after VT-OG application, the experiment was terminated by decapitation and immediate cooling of the brain in an icecold slurry of phosphate buffer saline (PBS). This time course was chosen based on previous work by Lewis et al. (2005) demonstrating optimal visualization of internalized VT-OG vesicles in newt brains using confocal microscopy following VT-OG administration in vivo.
Behavioral experiments
To investigate whether CORT suppresses clasping by inhibiting internalization of VT-OG, we examined the brain from male newts during two behaviorally different time periods: during and outside of the breeding season. Hormones were delivered to randomly selected animals, and researchers were blind to which of the four CORT treatment groups the animals were assigned (N = 4-6 per treatment group). For trials conducted during the breeding and non-breeding season the procedure followed all the above protocols.
Histological procedures
After cooling in an ice slurry of PBS, the lower jaw and nares were removed, and the exposure to the hindbrain was enlarged, and the head was rinsed again in cold PBS before submersion in 4% paraformaldehyde fixative (in phosphate buffer, PB) for four h at 4°C. The brain was then removed from the skull and replaced into the formaldehyde fixative for an additional hour. The brains were then immersed in a 10% sucrose (in PB) solution for 24 h for cryoprotection, before being embedded in O.C.T. medium (Thermo Fisher Scientific, Kalamazoo, MI) and stored at −80°C. The hindbrain was transversely sectioned at 20 μm with a cryostat at − 28°C. Sections were thaw-mounted on glass slides and dried in the refrigerator prior to mounting cover slips with the VECTASHIELD® Mounting Medium containing DAPI nuclei stain.
Confocal imaging and quantification of VT-OG endocytosis
Confocal images were systematically captured from two brain regions: the Rf, which is the region of interest known to regulate clasping, and the Ri, a control hindbrain region that is not involved in clasping. Images were captured using a 64 × objective from six brain sections from the Rf and three brain sections from the Ri from each individual animal (N = 4-6 per treatment group for each brain region). All images for a given brain were taken from the same side of the brain, because strictly perpendicular transverse cuts could not be ensured. Three adjacent z-stacks, 250 μm lateral from the midline, were captured for each of the six Rf sections. Two adjacent z-stacks, 100 μm lateral from the midline, were imaged for each of the three Ri sections. We designed a 3-dimensional sampling method to ensure that a given vesicle would not be counted twice. This was accomplished by acquiring z-stacks that spanned the thickness of each section, capturing 12 optical images per section, separated at an interval of 1.74 μm, for a total range of 19.09 μm.
All imaging parameters were kept constant for sections acquired from newts within the breeding and non-breeding season groups. A Zeiss 710 LSM confocal microscope with 2011 Zen Black software, located at Willamette University, was used to capture all images from the brain sections taken from the breeding season animals. The blue DAPIstained nuclei were imaged using a 405 nm laser intensity of 2.8%, a gain of 674, a digital offset of − 1, and a pixel dwell time of 1.58 μs. VT-OG was imaged using a 488 nm laser, with an intensity of 3.0%, a gain of 679, and digital offset of 1. Images from non-breeding season animals were captured at the Marine Biological Laboratory, Woods Hole, MA. A Zeiss LSM700 confocal microscope with Zen Black 2010 software was used. Due to the high use of this instrument the lasers were delivering few photons/unit area, therefore some of the parameters were different for collection of images from the non-breeding animals compared to the breeding season animals. Channel 1 captured the blue DAPIstained nuclei in the brain; 405 nm laser intensity of 1.5%, gain of 653, digital offset was −1, and pixel dwell time of .79 μs. Channel 2 detected the VT-OG fluorophore; 488 nm laser intensity of 15.0%, gain of 685, and digital offset of 1. The differences between confocal parameters used to acquire the brain images in the breeding and non-breeding season groups are addressed in the Discussion section.
Strict criteria were applied to the captured images for inclusion in the quantification process. Images that were included were in focus, contained no artifacts, contained at least 10 nuclei, and no more than 1/4 of each image was in the fourth ventricle. For identification and quantification of endocytosed vesicles containing VT-OG, a mask was created for each image in Axiovision (SE64 Rel. 4.8) and Zen Blue 2010 software (Supplemental Fig. 1 ). The mask allowed us to quantify: 1) the percent area of each image occupied by VT-OG-an approximation of the amount of VT-OG endocytosis occurring; 2) the sum intensity of all VT-OG in the image-an approximation of the number of VT-OG + V1a receptor pairs, assuming that each VT-OG is binding to one V1a receptor; 3) an estimate of the total number of vesicles in each image, assuming that each fluorescent punctate structure represents one endocytosed vesicle; 4) the intensity per vesicle-an approximation of the number of VT-OG + V1a receptor pairs per vesicle. The mask created for quantification used the following parameters: threshold minimum intensity of 42, and maximum of 255; Tolerance of 3%; neighborhood of 0; and a watershed count of 18. These settings were determined based on a visual assessment that these parameters most accurately identified regions containing VT-OG. The mask was applied to all images and data were exported to excel. Data were normalized to the number of nuclei per image since there were significant differences in the average number of nuclei among images from different treatment groups. The differences in nuclei number did not correlate with season, or individual.
For each image, we quantified the number of vesicles containing VT-OG, and this measure served as an approximate count of the number of vesicles internalized within a given region. There are clusters of vesicles that are identified by the mask as one vesicle, when in fact that one vesicle is composed of more than one individual VT-OG-containing vesicle. We find, however, that regardless of this limitation, there is an overall positive, linear relationship between the number of vesicles containing VT-OG identified by the mask and the percent area providing a consistent relative measure of internalization. In addition, the limitation of our mask to sufficiently distinguish clustered vesicles would result in an underestimation of vesicle counts, and therefore did not likely bias our results toward rejection of the null hypothesis.
Statistical analysis
We analyzed four measures of VT-OG internalization: average intensity, sum intensity, percent area, and number of vesicles of VT-OG in each image. Each variable was analyzed for differences among the treatment groups using one-way ANOVAs; data from breeding and non-breeding animals were analyzed separately as described below. Data for each of the variables showed a strong right skew, and square root (breeding) or exponential (non-breeding) transformations were required to normalize the distributions. Transformations and analyses were completed using Datadesk (6.3) and SYSTAT 13.
For the breeding season data, square root transformations were applied to the number of vesicles data Log transformations were applied to the average intensity data, which resulted in a normal distribution (Shapiro-Wilk P b 0.397, Anderson-Darling P N 0.15) and normal residuals (Lilliefors P b 0.186, Shapiro-Wilk P b 0.371, Anderson-Darling P N 0.15). One outlier was removed from this data set prior to running ANOVAs as it was over nine standard deviations from the mean.
For the non-breeding season data, the percent area data were transformed with a 0.3 exponential transformation (Shapiro-Wilk P b 0.482, Anderson-Darling P N 0.15), and residuals were also normal as determined by Lilliefors, Shaprio-Wilk, and Anderson-Darling tests. Square root transformations were applied to the number of vesicles data (Shapiro-Wilk P b 0.102, Anderson-Darling P b 0.761). Sum intensity data were transformed with a 0.3 exponential transformation (Shapiro-Wilk P b 0.221, Anderson-Darling P b 0.731) with sufficiently normal residuals (Lilliefors P b 0.081, Shapiro-Wilk P b 0.000, Anderson-Darling P b 0.042). The average intensity data were log transformed (Shapiro-Wilk P b 0.043, Anderson-Darling N 0.045). Statistical comparisons of breeding and non-breeding animals were not made because the data were collected on different instruments, instead comparisons were made by converting each measure (percent area, sum intensity, number of vesicles, and intensity per vesicle) to a percent of the highest mean for that measure-the highest mean for each measure was always the vehicle control group. To do this we assumed the highest mean for a given measure to be 100%, and then expressed the mean for the high CORT group as a percentage. To gain an estimate of the percentage decrease in endocytosis as a result of CORT treatment, we subtracted high CORT percentage from vehicle control percentage.
Results
Effects of CORT on VT-OG internalization in the Rf during the breeding season
VT-OG endocytosis was blocked by mid-and high doses of CORT in the clasp-controlling region of the hindbrain, Rf (Fig. 2) . Qualitative analysis of the images collected from the animals during the breeding season revealed a striking decline in VT-OG sum intensity and the number of endocytosed vesicles (Figs. 2C-F) . Quantitative analysis confirmed that the sum intensity of VT-OG was significantly reduced when animals were exposed to CORT prior to receiving VT-OG (F 3,281 = 6.18, P b 0.000; η 2 = 0.06; Fig. 2I ). Post-hoc analysis revealed that there was a significant reduction in the sum intensity with the pretreatment of low (P b 0.05, d = 0.47), mid-(P b 0.01, d = 0.58), and high (P b 0.000, d = 0.78) CORT compared to VEH controls (Fig. 2I) . While the graph visually shows a dose-dependent reduction in the sum intensity, there were no significant differences among the low, mid-, and high CORT treatment groups (Fig. 2I) . The percent area occupied with VT-OG was significantly affected by CORT treatment (F 3,281 = 6.32, P b 0.000; η 2 = 0.06; Fig. 2H ). Tukey's post-hoc tests revealed that, like sum intensity, the percent area of VT-OG was significantly reduced when low (P b 0.023, d = 0.50), mid-(P = 0.011, d = 0.58), and high (P b 0.000, d = 0.81) concentrations of CORT were administered compared to the percent area of VT-OG observed in the control treatment group. There was also a significant difference in the number of vesicles containing VT-OG among the treatment groups (F 3,284 = 5.61, P b 0.001; η 2 = 0.06; Fig. 2G ). Tukey's post-hoc analysis revealed that the number of vesicles containing VT-OG was significantly lower in the high (P b 0.000, d = 0.81) and mid-(P = 0.016, d = 0.57) CORT groups compared to the VEH control group. There was no significant difference between the low CORT and control group (P = 0.08, d = 0.44). There was also a significant effect of CORT on the average intensity per vesicle (F 3,281 = 6.18, P b 0.000; η 2 = 0.11; Fig. 2J ), and post-hoc analysis revealed that there was less VT-OG within vesicles in mid-CORT (P b 0.000, d = 0.91) and high CORT (P b 0.001, d = 0.88) compared to VEH and low CORT treatment groups. There was no significant difference in average intensity between the control and low CORT treatments (P = 0.79, d = 0.23).
Differential effects of CORT on VT-OG internalization in the Rf during the breeding and non-breeding seasons
The sum intensity and percent area of VT-OG internalization in the Rf were not significantly affected by CORT pretreatment in nonbreeding animals (sum intensity, F 3,408 = 0.64, P = 0.593, η 2 = 0.01; percent area, F 3,408 = 0.98, P = 0.401, η 2 = 0.01; Fig. 3 ). There were also no significant effects of CORT on the average intensity per vesicle in the Rf of non-breeding animals (F 3,408 = 1.80, P = 0.147, η 2 = 0.08; Fig. 3 ). These findings are in stark contrast to the effect of CORT on cells in the same clasp-controlling region when examined during the breeding season (Figs. 2 and 3) . Interestingly, the mean sum intensity and percent area of VT-OG in the Rf was approximately 30% higher in the control group of non-breeding animals compared to breeding animals (Fig. 3 ). There was a significant effect of CORT on the number of VT-OG endocytosed vesicles (F 3,406 = 3.70, P = 0.028, η 2 = 0.02).
The high CORT treatment group showed a significant reduction in the number of VT-OG endocytosed vesicles compared to the control group (P = 0.014, d = 0.43). There were no other significant differences among groups (P's N 0.05).
Comparing percent change in measures from the brains collected during the breeding and non-breeding season revealed that all measures of VT-OG internalization were more sensitive to CORT during the breeding season than the non-breeding season (Fig. 3) . The percent area was reduced by 50% when pretreated with high CORT during the breeding season and only reduced by 13% in the non-breeding season. The sum intensity was reduced by 45% when pretreated by CORT in the breeding season, compared to 14% during the non-breeding season. The number of vesicles was reduced by 37% in the breeding season and by 25% in the non-breeding season; where both mid-and high CORT reduced the number of endocytosed vesicles during the breeding season, only high CORT reduced the number of endocytosed vesicles during the non-breeding season. 
Effects of CORT on VT-OG internalization in the Ri
In contrast to the Rf breeding-season data where CORT significantly reduced all measures, there were no significant effects of CORT on percent area (F 3,99 = 1.97, P = 0.123, η 2 = 0.06), number of vesicles (F 3,99 = 1.93, P = 0.129, η 2 = 0.06), or the sum intensity of VT-OG (F 3,98 = 2.39, P = 0.074, η 2 = 0.07) in the Ri during the breeding season (Fig. 4) . There was, however, significant effect of CORT treatment on the intensity per vesicle in the Ri (F 3,99 = 7.18, P b 0.000, η 2 = 0.18). The intensity per vesicle was significantly higher in the high CORT group compared to the control (P = 0.008, d = 1.04), low (0.004), and mid-CORT groups (P b 0.000).
Discussion
Our data reveal that CORT diminishes endocytosis of VT into hindbrain cells in a location-specific and season-dependent manner that is consistent with the natural and context-dependent expression of clasping behavior. CORT suppression of VT endocytosis occurred rapidly, within 30 min of CORT administration, indicating that non-genomic mechanisms are mediating this effect. CORT is only impacting VT endocytosis in cells within the clasp-controlling region of the Rf, with little effect in the Ri, a functionally distinct hindbrain region. Furthermore, the sensitivity to CORT in the Rf is much higher in animals during the breeding season, arguing for ethologically appropriate seasonal variation in CORTs ability to prevent VT endocytosis. Prior studies have established that acute stress elevates endogenous CORT within minutes (Coddington et al., 2007; Moore and Miller, 1984; Wingfield and Hunt, 2002; Wingfield and Sapolsky, 2003) , and elevated CORT rapidly suppresses the claspenhancing actions of vasotocin by suppressing the activity of claspcontrolling neurons in the Rf (Coddington et al., 2007) . Therefore, our findings provide evidence of novel mechanisms by which hormones can modulate the effects of subsequent hormones-providing a means by which context (stressed, not stressed) can change the neural platform upon which subsequent sensory or hormonal input is processed. We suggest that CORT suppresses endocytosis of VT by reducing the availability of V1a receptors and/or interfering with endocytosis machinery. Endocytosis is a broad term that covers a wide variety of functionally different vesicle formation pathways from generalized endocytosis such as pinocytosis, to highly specific receptor-mediated endocytosis. It is possible that VT-OG is being internalized by a nonspecific pinocytotic mechanism that does not involve V1a receptors, however, we posit that the most likely version at play here is that VT is binding to its specific V1a receptors, and these VT-V1a complexes cluster and initiate receptor-mediated endocytosis. The primary evidence in favor of this interpretation is from prior studies, which used the same ligand (VT-OG) in the same animal preparation (Lewis 2004 and 5) . In these studies prior treatment with unlabeled VT or a specific V1a antagonist, manning compound, blocked VT-OG endocytosis in the Rf, and OG alone was not internalized in a measurable manner (Lewis et al., 2005; Lewis et al., 2004) . Future studies in slice and culture preparations can better parse which endocytotic process is employed. A second line of evidence supporting the notion that VT is being internalized via a receptor-mediated process is the time-course of events when imaging VT-OG internalization in vivo; at 5 min post VT-OG administration there are very few vesicles visible, peak numbers of vesicles at 30 min, and close to none by 60 min post administration. This timecourse follows the behavioral time-course, and can be blocked by manning compound, a V1a receptor antagonist (Lewis et al., 2005; Lewis et al., 2004) . A third line of evidence comes from in vitro cell and slice culture studies using V1a and β 2 -adrenergic receptors as model Gprotein coupled receptors (GPCRs) to understand how GPCRs are internalized (Fukunaga et al., 2006) . These in vitro studies have revealed that V1a receptors, like all other GPCRs (Wieffer et al., 2009) , are internalized in a receptor-mediated manner with the binding of it's ligand (Lutz et al., 1991) .
While receptor-mediated endocytosis of VT with it's V1a receptor has not been directly examined in any study system, the mammalian homologue VP signals by binding its V1a receptors and initiating receptor-mediated endocytosis (Lutz et al., 1991) , as do all the Gprotein coupled receptors tested thus far (Beaulieu, 2005; Claing et al., 2002; Edwardson and Szekeres, 1999; Ferguson, 2001; Koenig and Edwardson, 1997; Laroche et al., 2005; Naga Prasad et al., 2002; Riad et al., 2001; Savdie et al., 2006; Wieffer et al., 2009 ). Receptormediated endocytosis is a multi-step process that is dependent upon many different components including the number and affinity of the specific receptors, clathrin, dynamin, intracellular calcium influx, calmodulin, and β-arrestin (Smith et al., 2006; Wieffer et al., 2009) . We suggest that CORT could effectively reduce the number of vesicles internalized by reducing the availability or functionality of any or all of these components.
Monitoring vesicle number and fluorescence intensity allows us to estimate the extent to which CORT is interfering with VT endocytosis. We observe a 50% decrease in the number of VT-OG vesicles in the Rf of animals administered medium and high doses of CORT. We also observed a 37% decrease in the percent area containing VT-OG in the Rf. The decreases we observe in these measures when animals are pretreated with mid-or high CORT doses reflect a reduction in VT-OG internalized. If VT is being internalized through receptor-mediated processes then CORT is suppressing the number of vesicles containing VT-V1a complexes endocytosed into Rf cells. This would indicate that fewer VT-V1a receptor-mediated endocytosis events occurred following administration of medium and high doses of CORT.
There is evidence from other studies that CORT could reduce VTinduced receptor-mediated endocytosis by interfering with endocytosis machinery, the primary candidate being modulation of Ca 2+ influx.
Following agonist stimulation of the V1a receptor, Ca 2+ mobilization occurs (Ancellin and Morel, 1998; Kohout and Lefkowitz, 2003; Lutz et al., 1991) , which triggers Ca 2+ -dependent kinases, calmodulin, and calmodulin-dependent kinases, all of which are required for receptormediated endocytosis of V1a receptor (Ancellin and Morel, 1998; Kohout and Lefkowitz, 2003; Lutz et al., 1991; Thibonnier, 1992; Thibonnier et al., 2001) . While it was beyond the scope of our study to directly test whether CORT is interfering with ligand-induced Ca 2+ influx, there is precedence that CORT can do so; CORT has been observed to reduce Ca 2+ influx in hippocampal neurons (ffrench-Mullen, 1995) and pituitary cells (Borski et al., 1991) , prevent nicotine-induced Ca 2+ influx in chromaffin cells (Fuller et al., 1997) and neuron-like PC12 cells (Qiu et al., 1998) , and reduce Ca 2+ influx following NMDA receptor stimulation in hippocampal neurons (Sato et al., 2004) and chromaffin cells (Wagner et al., 1999) . Taken together, a plausible mechanism of CORT action is that CORT could reduce VT-induced receptor-mediated endocytosis by preventing VT-induced Ca 2+ influx. This mechanism is consistent with our observation that CORT significantly reduced the number of vesicles of VT endocytosed into cells. Our data are also consistent with the notion that CORT reduces the amount of VT endocytosis by reducing the availability of V1a receptors. If we assume that each VT-OG is bound to a V1a receptor, then sum intensity is a measure of the number of V1a receptors available for internalization. We observed that higher concentrations of CORT administration reduced the sum intensity in the Rf, and therefore reduce the number of VT-V1a ligand-receptor pairs internalized. Furthermore, our data shows that CORT reduces the number of VT-V1a pairs sequestered into each vesicle in the Rf, as measured by average intensity per vesicle. Taken together, these data provide evidence that CORT reduces the number of V1a receptors available to be internalized, and therefore reduced receptor availability for VT to exert its behavioral effects. Earlier studies provide supporting evidence that V1a receptor availability at the membrane can be modified by the action of another hormone second messenger system internalizing V1a receptors. For example, corticotrophin releasing hormone (CRH) increases the retrieval of VA1 receptors from the cell membrane of pituitary cells (Mogensen et al., 1988) . Furthermore, there is evidence that CORT can decrease the internalization of another GPCR, CRH receptors, as measured using electron microscopic analysis (Childs et al., 1986) . We suggest that CORT could also employ a similar approach and thereby modify subsequent hormone action of VT.
There are two possible mechanisms through which CORT could reduce V1a receptor availability for receptor-mediated endocytosis: 1) the same number of receptors remains stable at the cell membrane, but their affinity is reduced, and 2) the number of receptors is reduced by sequestration of unbound V1a receptors away from the membrane. There is direct evidence supporting the former mechanism. The typical process by which ligand-activated receptor-mediated endocytosis proceeds with V1a receptors is as follows: ligand binding to V1a receptor upregulates diacyl glycerol, which activates PKC, and PKC in turn phosphorylates and desensitizes G-protein coupled receptors (Ancellin and Morel, 1998; Ancellin et al., 1997; Benovic et al., 1985; Pitcher et al., 1992; Roth et al., 1991) . One of the established rapid non-genomic actions of CORT is activation of PKC (Cato et al., 2002; Christ et al., 1995; Falkenstein et al., 2000; Sylvia et al., 1996) . Therefore, it is plausible that elevated CORT could trigger V1a receptor desensitization in the Rf, via PKC action, and reduce the availability of functional V1a receptors at the cell surface for VT-induced receptor-mediated endocytosis. Alternatively, CORT could reduce endocytosis of VT-V1a complexes by decreasing the number of V1a receptors available on the cell surface. The number of cell-surface V1a receptors declines dramatically following agonist stimulation, indicating that receptor internalization is an important pathway of V1a receptor desensitization (Lutz et al., 1991; Nathanson et al., 1994; Smith et al., 2006) . The extent to which bound and unbound receptors are sequestered from the membrane is unknown (Lutz et al., 1991; Zhang et al., 1996) , which limits insight into how CORT might affect ligand-independent V1a receptor sequestration. Further research should examine whether, and to what extent, these mechanisms are involved in CORT suppression of VT-induced endocytosis.
CORT-induced reduction of VT internalization was specific to the clasp-controlling region of the hindbrain that we examined, the Rf. In the Rf, CORT consistently reduced the internalization of VT-OG. In contrast, in the Ri there was a trend that implied that high doses of CORT might be increasing VT endocytosis. The only measure that significantly differed was the intensity per vesicle measure, where there was a measurable increase in the VT-OG intensity per vesicle in the high CORT pretreatment group. The disparity between the effects of CORT in the Rf and Ri suggests that rapid effects of CORT on behaviors mediated by VT are specific to clasping and not to other behaviors. Behavioral data from prior studies are consistent with this notion. VT enhances Taricha behavioral responses to food, visual stimuli of a female conspecific, and pheromones from sexually receptive female conspecifics (Thompson and Moore, 2000; Thompson and Moore, 2003) . In contrast, CORT only blocks the ability of the male to clasp, but does not affect approach to pheromone or visual stimuli of sexually receptive female conspecifics (Coddington and Moore, 2003) . Developmental neuroanatomy studies have confirmed that the Ri is part of a circuit that controls vocalizations (Bass et al., 2008; Brahic and Kelley, 2003; Fine and Mosca, 1995; Goodson and Bass, 2002; Knapp et al., 1999) common to all vertebrates and independent of clasping.
Given that males exhibit clasping behavior during the breeding season, it was relevant to ask whether the suppressive effects of CORT on VT endocytosis are also limited to the breeding season. The CORT effect on VT endocytosis in the Rf was negligible during the non-breeding season (June-August). Measures of the amount of VT endocytosis (sum intensity, and intensity per vesicle) and incidence of receptor-mediated endocytosis events (# vesicles, and percent area) were not significantly affected by CORT during the non-breeding season. An interesting pattern was that more VT was endocytosed (by every measure) in all treatment groups during the non-breeding season compared to the breeding season. Since VT is known to facilitate and enhance clasping, and clasping is a crucial behavior during the breeding season, the finding that VT-induced endocytosis was lower during the breeding season seemed surprising. This finding could be due to different laser capacities in the two confocal systems used to capture the images from breeding and non-breeding animals. If this were true, then we would expect images collected on the older confocal that was in high-use to show lower levels of intensity compared to images collected using the new, low-use instrument. However, we observe the opposite pattern, and if anything, the absolute differences we observe between breeding and nonbreeding fluorescence are a conservative estimate of a real biological difference. We suggest that VT is serving other functions in the Rf during the non-breeding season that are less sensitive to context (stress/ CORT). Contrasting percent change between vehicle control and high CORT groups allowed us to compare seasonal differences in CORT action. Comparison of these data emphasizes that the suppressive effects of CORT on VT-induced endocytosis in the Rf are specific to animals only during the breeding season.
In summary, our data reveals that there are novel mechanisms at work in the minute to minute time range that provide a mechanism for the immediate external context of an animal to modify the effect of subsequent hormones and experiences. Prior to this study we understood that VT enhances clasping, but exposure to acute stress elevates CORT, which in turn blocks the enhancing effects of VT on clasping, rendering the males unable to clasp. This effect of CORT is very specific to clasping behavior and does not affect other VTmodulated behaviors such as approach toward food. Furthermore, the effect of acute stress or administration of CORT manifests within minutes, peaks by 30 min, and is absent within 45-60 min. Here, we provide the first evidence that CORT significantly reduces VT-induced endocytosis. CORT's actions on VT-induced endocytosis occur in hindbrain neurons that control clasping (Rf), and manifest most strongly during the breeding season when the animal is expressing the clasp behavior. Our data are consistent with the time course and interaction effects of CORT and VT on clasping behavior and neurophysiology. If interference with receptor-mediated endocytosis is a mechanism commonly employed by hormones across taxa, then we expect that this unexplored mechanism may be responsible for minute to minute behavioral responses, affording organisms the flexibility to behaviorally adapt to current physiological and environmental conditions in a context and season-specific manner.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.yhbeh.2014.12.006.
